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{LEGI, UMR 5519 CNRS, BP 53X, 38041 Grenoble Cedex, France
{Mercator-Oce´an, 8/10 rue Hermes, Parc technologique du canal, 31526 Ramonville
Saint-Agne, France
A multivariate dataset resulting from the assimilation of sea surface height and
sea surface temperature data in an ocean circulation model of the North Atlantic,
is used to study the Gulf Stream position variability from October 1992 to
October 1999. The analysis takes place between 75uW and 50uW and focuses on
two regions, west and east of 65uW. By calculating zonal averages of the
latitudinal position, a regular annual cycle of north–south oscillations of the Gulf
Stream axis is identified in the eastern region, whereas inter-annual variations
dominate in the western region. An empirical orthogonal function (EOF)
analysis of space–time position anomalies reveals that, even though the annual
cycle dominates over the whole domain, the variability has a spatial consistency
within each individual region. The assimilation dataset is further used to analyse
the variability of the Gulf Stream transport towards the east. Compared to the
latitudinal position analysis, the characterization of the transport variability is
more complex. Semi-annual fluctuations can be evidenced in both the regions;
however, no significant correlation was found between the fluctuations of
position and transport.
1. Introduction
The Gulf Stream (GS) system plays a specific dynamical role in the circulation of the
North Atlantic Ocean. As a particularly intense nonlinear and unstable western
boundary current, it mirrors much of the North Atlantic oceanic and atmospheric
circulations (Visbeck et al. 2003). It also influences the circulation of the subtropical
gyre and water mass distribution in the entire basin. Understanding its complex role,
and its interactions with climate in particular, requires the study of its variability at
various scales.
First, the GS dynamics can be characterized by transport characteristics. According
to in situ observations, the overall transport of the GS is about 30Sv through the
Florida Straits, which then increases up to 93Sv at 73uN, and to 150 Sv at 55uW
(Leaman et al. 1989, Hogg 1992). After Cape Hatteras (75uW, 35uN), the current
leaves the continental shelf and frees itself from bathymetric constraints: the flow
widens, becomes less structured and also deeper. To explain the increase in transport
downstream of Cape Hatteras, nonlinear recirculation theories have been proposed
and validated in simple numerical models (Holland and Lin 1975, Ka¨se and Krauss
1996). The main recirculation cells are the Northern Recirculation Gyre and, to the
*Corresponding author. Email: berline@hmg.inpg.fr
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south, the Worthington Gyre (Hall and Fofonoff 1993). More recently, the increase in
transport has been attributed to the increase of velocity at depth (Johns et al. 1995).
From in situ and satellite altimetry data, it has been suggested that the surface GS
transport in several locations has a seasonal cycle. North-east of Cape Hatteras,
surface transport estimated from the sea-surface height (SSH) gradient exhibits a
minimum in spring, coinciding with a southerly position of the flow, and a maximum
during autumn corresponding to a northerly position of the current (Kelly and Gille
1990, Kelly 1991, Zlotnicki 1991). According to Hogg (1992) and Johns et al. (1995),
this seasonal fluctuation in volume transport is limited to the upper 300m and could
be explained from the heating/expansion of surface waters. However, the total
transport as estimated from current meters by Kelly et al. (1999) reaches a maximum
in spring. In addition, according to Manning and Watts (1989), the seasonal cycle is
more pronounced downstream of the New England Seamounts Chain (NESC), which
runs in a NW–SE direction from 66uW to 60uW.
At the same time, a number of studies have focused on the position of the GS.
They first used in situ observations, then more recently altimetric and sea-surface
temperature (SST) data. Analyses show, in particular, evidence of periodic
behaviour and a certain spatial organization of fluctuations. Based on seven years
of SST data, Lee and Cornillon (1995) distinguished two features in the variability
of the GS position, one associated with along-current spatial variability (meanders)
and the other with the overall variation in the flow’s latitudinal position. Using an
empirical orthogonal function (EOF) analysis, the authors identified a coherent
southerly displacement of the current between 70uW and 60uW exhibiting a marked
annual periodicity, whereas the variability in spatial structure has a periodicity of
nine months. Based on four years of altimetric data, Kelly et al. (1999) found a
marked seasonal variation in the GS mean latitudinal position and transport
between 73uW and 64uW. Using seven years of altimetric data, Frankignoul et al.
(2001) observed very little seasonal variability in the GS position compared to inter-
annual variability. However, they observed a latitudinal in-phase displacement from
75uW to 50uW. Similarly, using 30 years of data from various origins, Taylor and
Stephens (1998) found no significant seasonal variability in the 79uW–65uW
segment. Finally, the conclusions of the literature regarding the mode of variability
in the GS position are diverse. This can be explained by the different datasets used,
the areas of interest, and the method used to determine the position of the GS and to
analyse the variability.
As far as the GS position is concerned, the issue of the variability mode—seasonal
or inter-annual—is still not settled, while for GS transport, our knowledge about
variability in amplitude and spatio-temporal structure remains poor, so that the
question is even more open. The objective of the present work is to describe and
analyse temporal and spatial variability in the position and transport of the GS from
a regional perspective. Its particularity is due to the nature of the data used: these
consist of 10-day forecasts, obtained from numerical simulations with assimilation
of SST and SSH in an eddy-permitting model of the North Atlantic Ocean. The
assimilation process synthesizes the information distributed in time and space that is
contained in the model physics and the surface observations. It results in a coherent
set of dynamical and thermodynamical data, with a fairly good time and space
resolution. Compared to sea-surface observations, our dataset has the advantage of
a three-dimensional (3D) regular distribution and the disadvantage of being less
accurate at observation points since the assimilated data are weighted according to
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the model/data relative errors. Compared to the free model, it has the advantage of
providing more reliable results, in spite of residual imperfections of the model and
the assimilation method. A validation study can be found in Testut et al. (2003).
In the present study, the GS position is computed from the simulated temperature
and SSH data fields between 75uW and 50uW. To analyse lateral variations of the
GS axis, indexes of latitudinal position were computed at the scale of the domain
first, and then in two distinct areas separated by the NESC (east and west of 65uW),
following several authors who mentioned the influence of the NESC on the regional
character of the GS mean path and meandering (Richardson 1981, Cornillon 1986,
Ezer 1994). To analyse the consistency of displacement, we extracted the dominant
modes of fluctuations in position in a similar manner to that used by Lee and
Cornillon (1995), Kelly (1991) and Frankignoul et al. (2001). A regional analysis
was conducted to examine the question of upstream and downstream differences in
greater detail. Finally, the GS transport was computed using meridional sections
from 75uW to 50uW. Transport variability was also examined, in addition to the
relationship between position and transport.
In §2, the dataset is presented as well as the methodologies used for defining the
GS position and calculating the GS transport. Diagnostics of the computations are
presented in §3 and §4. Finally, the conclusions are presented in §5.
2. Data fields
2.1 Numerical simulation
The physical model used for the numerical simulation is the ocean primitive
equation OPA model, version 8.1 (Madec et al. 1998). This model has a geopotential
vertical coordinate and assumes the rigid lid approximation at the ocean surface.
The horizontal resolution is 1/3u in longitude and 1/3u cos (Q) in latitude (i.e. 28 km
at 40uN). On the vertical, the numerical grid includes 43 levels. The computational
domain covers the North Atlantic from 20u S to 70uN latitude, and from 98.3uW to
20.6uE longitude. The forcing fields (heat fluxes and winds) are derived from a
reanalysis of European Center for Medium range Weather Forecasts (ECMWF) 6-h
forecasts. SST is restored to the Reynolds weekly analysis, while sea-surface salinity
is relaxed to the Levitus monthly climatology.
The assimilated data consist of gridded products available every 10 days at Ju
resolution: SSH maps were computed using sea-level anomalies measured by the
Topex/Poseidon (T/P) and European Remote Sensing (ERS) satellites and a prior
estimate of the mean SSH, while SST maps were obtained from infrared imagery
(Advanced Very High Resolution Radiometer (AVHRR) instrument, Pathfinder
mission). The data assimilation technique is the sequential SEEK filter (Singular
Evolutive Extended Kalman filter, Pham et al. 1998). Every 10 days, a 3D analysis
state vector is computed, which is an optimal compromise (in the Kalman filter
sense) between the (3D) forecast state vector from the model and the (surface)
observations. Optimality is based on data/model weighting using the respective
estimated errors. Starting from this analysis state vector, the model is re-initialized
for a new 10-day simulation sequence.
Testut et al. (2003) performed a seven-year hindcast of the period October 1992 to
October 1999 with the assimilation system described above, showing a quite realistic
representation of the mid-latitude North Atlantic circulation at 1/3u. The position of
the surface currents and their transport are considerably improved by comparison
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with the free simulation. The levels and distribution of eddy kinetic energy as well as
the position of the GS are in good agreement with the classical picture of the North
Atlantic circulation. Comparisons with independent Expandable Bathythermograph
(XBT) data in the GS region show that the assimilation solution reduces up to 30%
of the misfits to the vertical profiles, thus making the temperature fields more
consistent with in situ measurements.
Every 10 days during the 1992–1999 period, the assimilation system delivers
analyses and 10-day forecasts of the 3D ocean state discretized on the model grid.
The simulation data used in this work are the temperature, velocity and SSH fields
extracted in the GS sector from the 10-day forecasts. Compared to the analysis
states, the forecasts are better suited to explore the dynamical properties of the flow
because the physical variables have been dynamically adjusted by the model and
forcing conditions. It is worth noting that the diagnostics discussed below were
repeated also with monthly averages of the 10-day forecasts, but no significant
differences were observed in the results.
2.2 Extraction and diagnostics of the GS latitudinal position
In order to properly analyse the variability of the GS, a conventional approach must
be adopted to characterize the latitudinal position of the current axis from the
numerical datasets. Several definitions are given in the literature, depending on the
data type. When using velocity data, the position of the core of the current can be
identified by the continuous set of locations where velocity reaches a maximum. As
for altimetric data, the surface position of the current in the geostrophic
approximation corresponds to the point where the SSH reaches its maximum
gradient. From temperature data, the position of the northern front of the jet
(separating the warm GS waters from the cold waters of the Labrador current) can
be defined by the 15u or 17uC isotherm at 200m.
A strong point of this numerical study lies in the possibility to diagnose the GS
position jointly from temperature and SSH fields, as they are complementary to
each other: the model SSH gives a surface position that is fairly representative of the
mesoscale circulation, while the temperature fields provide a subsurface view of the
current’s position that results from the dynamics and thermodynamics of the
assimilated model.
Based on the simulation results, the 15uC isotherm at 200m was selected to
identify the GS position from the temperature field, while the 20.2m SSH
isocontour was found to best coincide with the position of the maximum gradient in
the rise of the sea surface. Then we applied a method to extract continuous
isocontours, providing an ensemble of 256 instantaneous GS trajectories from the
10-day forecast series. As the core of the current is between 100 km and 200 km wide,
there is a shift in latitude between the position of the core of the current (determined
by SSH data) and its northern boundary (determined by temperature data).
In order to estimate the main trends of the GS variability region by region and the
possible impact of the NESC, it is necessary to filter the local fluctuations due to the
meandering of the jet. Mean latitudinal positions are therefore calculated by zonally
averaging the position indexes over a distance that is at least greater than the wave
length of the meanders (estimated at 420 km by Lee and Cornillon 1995). Such
averages are calculated separately in the so-called ‘upstream’ (75uW–65uW) and
‘downstream’ (65uW–50uW) regions.
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Finally, EOF analyses of the fluctuations in position with respect to the mean
trajectory are performed, which make it possible to characterize the spatial
organization and consistency of the latitudinal variations over the study area.
2.3 Extraction and diagnostics of the GS transport
In the real world, as in the simulation output, defining the actual transport of the
GS is complicated by the need to identify the waters that belong to the GS and those
belonging to recirculations or eddies detached from the main stream. At a resolution
of 1/3u, the core of the current is discretized over only three or four grid points in a
meridional section. As a first approximation, it is justified to consider that only the
water that moves towards the east must be accounted in the transport estimates. We
therefore define the transport of the GS as the integral on a meridian section of the
positive zonal component of the velocity (u). Within each meridian section, the
calculation is limited to the first 1000m, i.e. the surface layer where the core of the
current is confined. In addition, the meridian sections must be limited laterally. As
shown by figure 1, which represents the mean SSH of the 10-day forecasts,
permanent recirculations on both sides of the current can locally modify the
transport estimates. Thus, the section limits are set as shown by figure 1 in such a
way as to incorporate the envelope of the GS positions and to take these
recirculations into account.
The transport is calculated through each of the north–south sections of the GS
area (that is every 30 km) between 74.5uW and 50uW, representing a total of 73
sections. As with the position, regional averages of the transport are calculated in
the upstream and downstream regions.
3. Analysis of the GS trajectories
3.1 Ensemble mean position and spread
Figure 2 shows the ensemble mean of the latitudinal position of the GS trajectories.
The average position derived from the model SSH shows good overall consistency
Figure 1. Mean sea-surface height (in cm) of the period October 1992 to October 1999; the
solid box indicates the northern and southern bounds used to compute the zonal transport of
the Gulf Stream.
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with that calculated by Frankignoul et al. (2001), based on T/P altimetric data
obtained during the period October 1992 to November 1998. However, some
differences can be observed, namely around 68uW and after 53uW. The time lag
between the observation period and the period described by our numerical data, as
well as the overall assimilation process, could explain these differences.
The standard deviation of the positions calculated from the ensemble as a
function of longitude reflects the spread of the GS trajectories. The two standard
deviations envelope indicates considerable temporal variability in latitudinal
position, reaching about 2u along a north–south axis (figure 2). This variability is
comparable to that estimated by Frankignoul et al. (2001).
The lateral spread can be attributed to the occurrence of transient meanders, and
also to meridional shifts of the current at larger scales. The amplitude of the lateral
excursions increases significantly to the east of 67uW, and then remains relatively
constant. This change in behaviour coincides with the passage of the current over
the NESC, which is able to modify the development of meanders according to
Richardson (1981) and Cornillon (1986). One can also notice that the flow of the GS
is slightly deflected towards the south at 56uW.
3.2 Temporal variability in the upstream and downstream zones
In order to separate the overall latitudinal movement of the current and the local
effects of meanders, a necessary first step involves determining the temporal
variability of the mean latitudinal position in the upstream and downstream zones.
The time series of zonally averaged positions obtained from SSH and temperature
data are represented in figure 3. The range of lateral excursions increases from 1.7u
in the upstream zone to 2.3u in the downstream zone, consistently with the spread of
the ensemble envelope shown in figure 2. Upstream, the two curves exhibit
fluctuations at various time scales. From these raw time series, however, it is
unclear whether intra-annual or inter-annual variations dominate. Downstream, the
time series reflect variations with annual periodicity more clearly, with the GS axis
reaching its most southerly position in the spring and most northerly position in
autumn, though the position determined by temperature exhibits a more complex
behaviour than that obtained with SSH.
Figure 2. Mean position and envelope at two standard deviations (thin solid lines) of the
Gulf Stream latitudinal positions calculated from the hindcast experiment; the mean GS axis
obtained by Frankignoul et al. (2001) is shown by the solid curve with stars; the model
bathymetry is represented in greyscale, showing the shelf break and the New England
Seamounts Chain.
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A comparison of the variations in position obtained from SSH and from the 15uC
isotherm provides insights into the consistency between the surface and subsurface
flow at a depth of 200m. Overall, these variations are quite similar in amplitude and
phase, which suggests a relatively coherent vertical structure from the surface to a
depth of 200m.
In order to further analyse the time scales at work and distinguish between
seasonal and inter-annual fluctuations, the mean annual cycle of the 1993–1999
period is extracted from the time series (figure 4). The amplitude of the seasonal cycle
is 0.55u in the upstream zone and becomes larger than 1.0u in the downstream zone,
indicating that the seasonal nature of the signal intensifies to the east of the NESC.
In the upstream zone, the amplitude and phase obtained from SSH and
temperature data are comparable, with a minimum occurring in May and a
maximum in October. In the downstream zone, the amplitude of the surface
variations from SSH appear slightly larger (,1.25u) than that observed at 200m
from temperature (,1.1u), consistently with the study by Rossby and Benway
(2000). The extreme positions are reached on average in April (south) and
September (north) for the SSH, and in November (north) for temperature. This time
lag in reaching the northerly position between the SSH and temperature can also be
observed by comparing the results of Kelly et al. (1999) using altimetric data and
Cornillon (1986) using SST data.
The distinct upstream and downstream behaviour, with an intensified seasonal
cycle downstream, provides a new vision of the GS variability by comparison with
Kelly et al. (1999), who noted a stronger seasonality upstream. These results also
differ from those obtained by Frankignoul et al. (2001), who found seasonal
variability to be non-significant over the zone as a whole. For the position
determined by SST, Lee and Cornillon (1995) did not make any distinction between
upstream and downstream zones in their analysis.
Finally, to compare the inter-annual variations observed in each zone, the mean
annual cycle was removed from the time series of figure 3. Figure 5 shows the
Figure 3. Time evolution of the latitudinal position of the Gulf Stream axis, averaged
between 75uW and 65uW (a and c) and between 65uW and 50uW (b and d ), calculated from
the 200m temperature (a and b) and SSH (c and d ) data.
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de-seasonalized time series, in addition to a moving average of these calculated with
a six-month window. The upstream and downstream low frequency signals exhibit
differences, but the range of inter-annual variations is about 0.6u from the SSH data,
and 0.9u from the temperature data in both zones. During the seven-year period, one
can distinguish three phases: a first period with a trend towards the north, then an
inversion with a southerly trend, and then a northerly trend again. The most
southerly position is reached during winter 1997/1998. The downstream signal has a
single peak (end of 1994), while upstream there are three (beginning of 1995, 1997
and in 1999).
From figures 2–5, one can conclude that the lateral excursions of the GS axis
occur at both seasonal and inter-annual time scales. In the upstream zone, the low
frequency signal slightly dominates the seasonal cycle, while downstream the
seasonal fluctuations are more intense and dominate the inter-annual variations.
These results provide an a posteriori justification for making a distinction between
upstream and downstream regions.
Since the general behaviour of the GS position variability differs in the two zones,
we will examine in the following section whether a spatial organization of the
variations can be identified on the entire domain or within the regions.
3.3 Spatial modes of variability
To analyse the spatial organization of latitudinal oscillations in the GS sector and
the correlations between the variations at different longitudes, the covariance matrix
Figure 4. Monthly average of the Gulf Stream latitudinal positions, computed between
75uW and 65uW (a), and between 65uW and 50uW (b). The thick line shows the position
calculated from the 200m temperature data, and the thin line shows the position calculated
from the SSH data.
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of normalized latitudinal fluctuations around the ensemble mean trajectory was
decomposed into empirical orthogonal functions (EOFs). The latitudinal position is
known for 73 longitudes (1/3u grid between 74.5uW and 50uW), leading to a
decomposition into 72 spatial modes and associated principal components as a
function of time.
The diagnostics presented are those calculated from the position data obtained
from SSH: the results with the temperature data are similar and are not shown. The
first two dominant EOFs can be considered as statistically significant, and can help
in explaining the nature of the GS lateral displacements (figure 6). The first EOF,
which explains 30.0% of the total variance of the ensemble, represents a coherent
latitudinal shift over the domain, with an amplitude that increases to the east of
66uW. The second EOF, which explains only 10% of the total variance, indicates a
possible inflection of the current at 56uW.
The principal component associated with the first EOF shows a very marked
annual periodicity, depicting a similar behaviour to that of the downstream position
calculated earlier but with the additional information of consistent motion over the
whole domain. It is consistent with the results obtained by Lee and Cornillon (1995)
using surface temperature data.
The interpretation of the second principal component is less easy, though it shows
a trend similar to the inter-annual signal of figure 5. An inversion is observed, which
begins in autumn 1995 and lasts about eight months, consistently with the
latitudinal shift to the south which takes place in figure 5 at the beginning of 1996. A
sudden shift towards the south is also noted by Frankignoul et al. (2001) at the same
time.
To analyse the spatial consistency of fluctuations within the two regions, the EOF
analysis was repeated separately on the upstream and downstream zones. Figure 7
shows the first EOFs and principal components in both regions, which represent
34% and 36% of the total variance respectively. The dominant mode of variability
exhibit a consistent latitudinal shift in the two regions.
Figure 6. EOF analysis of the Gulf Stream trajectories calculated over the region between
75uW and 50uW: (a and b) the first mode and associated principal component, which
accounts for 30% of the ensemble variance; (c and d ) the second mode and associated
principal component, which accounts for 10.1% of the ensemble variance. Each EOF is
plotted in order to represent typical lateral displacements of the position.
10
F
ig
u
re
7
.
E
O
F
a
n
a
ly
si
s
o
f
th
e
G
u
lf
S
tr
ea
m
tr
a
je
ct
o
ri
es
ca
lc
u
la
te
d
in
th
e
u
p
st
re
a
m
a
n
d
d
o
w
n
st
re
a
m
re
g
io
n
s:
(a
a
n
d
b
)
th
e
fi
rs
t
m
o
d
e
a
n
d
a
ss
o
ci
a
te
d
p
ri
n
ci
p
a
l
co
m
p
o
n
en
t
in
th
e
ea
st
er
n
re
g
io
n
,
w
h
ic
h
a
cc
o
u
n
ts
fo
r
3
6
%
o
f
th
e
en
se
m
b
le
v
a
ri
a
n
ce
;
(c
a
n
d
d
)
th
e
fi
rs
t
m
o
d
e
a
n
d
a
ss
o
ci
a
te
d
p
ri
n
ci
p
a
l
co
m
p
o
n
en
t
in
th
e
w
es
te
rn
re
g
io
n
,
w
h
ic
h
a
cc
o
u
n
ts
fo
r
3
4
%
o
f
th
e
en
se
m
b
le
v
a
ri
a
n
ce
.
E
a
ch
E
O
F
is
p
lo
tt
ed
in
o
rd
er
to
re
p
re
se
n
t
ty
p
ic
a
l
la
te
ra
l
d
is
p
la
ce
m
en
ts
o
f
th
e
p
o
si
ti
o
n
.
11
The principal components differ, however, with respect to their temporal
behaviour. Upstream, periodicity at intra-annual and inter-annual time scales may
be observed, while a distinct seasonal cycle occurs downstream. A comparison with
the time series of figures 3 and 5 confirms the idea that seasonal variability
dominates downstream, while inter-annual variability dominates upstream. In
addition, the consistency at basin scale and then within both zones suggests that the
source of variability is mainly associated to large-scale phenomena rather than to
local perturbations.
In the following section, the variations in transport observed along the current
will be examined using the same approach as that used for position.
4. Analysis of the GS transport
The transport of the GS is computed for each meridional sections between 74.5uW
and 50uW according to the methodology presented in §2, leading to 73 time series.
As for the GS trajectories, we will examine the temporal mean and variability in the
two areas.
4.1 Mean GS transport and standard deviation
The mean transport values calculated according to longitude (figure 8) are consistent
with those reported in the literature (Hendry 1988, Leaman et al. 1989). A total
transport of 60 Sv is estimated near Cape Hatteras. From 74.5uW to 70uW, the
transport doubles with a rate of increase of 15 Sv per 100 km. This strong increase is
due to the interaction of the main current with the recirculations. Figure 1 clearly
shows the northern recirculation centred on average on 38uN 72uW, and the
southern recirculation centred on 34uN 69uW. The first maximum of 130 Sv is
observed at 69.5uW. Transport values then decrease rapidly until longitude 67.5uW,
reaching 100 Sv. This can be explained by the loss of water masses from the southern
recirculation. After, transport values increase again, with an average rate of increase
of about 3 Sv per 100 km, until a maximum of 150 Sv, near 55uW. Then a strong
decrease is noted, related to the existence of a recirculation to the south.
Figure 8. Time mean (thick line) and two standard deviation envelope (thin line) of the Gulf
Stream transport calculated from the hindcast experiment as a function of longitude.
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The standard deviation of the transport values (from 10 to 40 Sv) is relatively high
compared to estimates found in the literature. This can be explained by the high
frequency variability of the velocity fluctuations in the model, and also by the width
of the calculation sections which may incorporate intermittent mesoscale features
and transient recirculations close to the core of the current.
4.2 Temporal variability in the upstream and downstream zones
The zonal mean transport is calculated in the upstream and downstream zones in the
same way as for latitudinal position, with the aim to possibly distinguish annual
variations and inter-annual fluctuations. The original GS transport time series are
shown in figure 9(a) together with the time series with the annual cycle removed
(figure 9(b)).
The GS transport exhibits fluctuations at various time scales, without any clear
periodicity in the variations. Strong fluctuations exist over periods ranging from a
few months to several years even after removing the mean annual cycle. Moreover,
an EOF analysis was unable to detect any significant correlations between the
upstream and downstream variations, even with a time lag. Sturges and Hong (2001)
also showed considerable variability in measurements taken for two sections that are
closely located (200 km distance). In summary, the variability in the GS transport
appears to be fairly complex, and this can possibly be explained by the impact of
Rossby waves and mesoscale eddies on the local GS transport.
Concerning the mean annual cycle, two distinct features appear. Firstly, the
annual variations seem to be of larger amplitude in the downstream zone compared
to upstream. The range of annual variations is about 30 Sv downstream, which is
high compared with the values of 10–16 Sv suggested by Manning and Watts (1989)
and Sato and Rossby (1995). This property reinforces the seasonal character of the
GS variability evidenced in the downstream zone from the analysis of the GS
trajectories.
Secondly, the transport exhibits two maxima, in June–July and in December–
January, separated by two minima, at the end of the winter (February–March)
and in autumn (September–November). Therefore, the cycle suggests a
semi-annual periodicity. With a dataset limited to the north-eastern region off
Cape Hatteras, Fu et al. (1987) also noted two peaks. By contrast, the annual cycle
observed by Kelly et al. (1999) from altimetric data is unimodal, with a maximum in
autumn and a minimum in spring corresponding to the lateral excursions of the GS
position.
Figure 9. Time series of the Gulf Stream transport, averaged between 75uW and 65uW (thin
curve), and between 65uW and 50uW (thick curve): (a) the original time series; (b) the time
series after removing the mean annual cycle.
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4.3 Relationship between transport and position variations
Several studies have examined the question of the correlation between the GS
transport and position variations. Kelly et al. (1999) found a surface transport
minimum in the spring coinciding with a southerly position, but Manning and Watts
(1989) found a total transport maximum in the spring coinciding with a southerly
position. Here, no correlation was found, even when a time lag is taken into
account. Indeed, the transport exhibits a semi-annual periodicity, while the annual
cycle of the GS latitudinal position is unimodal.
To our knowledge, no earlier study has evidenced correlation between position
and transport at inter-annual time scales. We explored this type of correlation on the
seven-year de-seasonalized time series in which the effect of the annual cycle is
removed. Intuitive comparisons of the time series may suggest that inter-annual
fluctuations of the transport and position could be in opposite phase. However, no
significant correlations were found.
5. Conclusion
In this study, we have explored, by means of simple synthetic diagnostics (averaging)
and more refined analyses (EOF), the spatial and temporal variability of the GS
path between 75uW and 50uW. We chose to divide the study into two areas, on
either side of 65uW. At the same time, we have studied the transport of the current
towards the east.
With regard to position, the convergence of diagnostics made from the SSH and
temperature fields at 200m reinforces the reliability of our results, and enables us to
confirm the coherent displacement of position along the vertical. The distinction
made between the upstream and downstream zones enables us to identify two
different behaviours for the position on either side of 65uW. Upstream, the position
exhibits marked inter-annual variability, which dominates the less visible annual
variability. Downstream, annual variability is very regular and of greater amplitude
than upstream. Over the domain as a whole, the observed seasonality agrees with the
observations of Lee and Cornillon (1995), based on SST observations, but differs
from the analysis of Frankignoul et al. (2001) using in situ temperature and
altimetry. Unlike the findings of Kelly et al. (1999), the maximum annual signal is
observed downstream and the upstream annual signal is weak.
Variability in transport appears more complex than that relating to position.
Transport to the east observed along the course of the GS shows significant intra-
annual, inter-annual and annual variations. A noticeable feature is the semi-annual
periodicity evidenced in both regions. On average, the strength of the flow is
maximum in June–July and January, and minimum in November and March. The
coherence of variations over the domain, observed for the position of the GS,
cannot be evidenced for GS transport. This is true for both the time series with a 10-
day time step and for the low-pass filtered series. Finally, the common point for
transport and position is the dominance of seasonality downstream.
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